The output characteristics of photovoltaic (PV) arrays vary with the change of environment, and maximum power point (MPP) tracking (MPPT) techniques are thus employed to extract the peak power from PV arrays. Based on the analysis of existing MPPT methods, a novel incremental conductance (INC) MPPT algorithm is proposed with an adaptive variable step size. The proposed algorithm automatically regulates the step size to track the MPP through a step size adjustment coefficient, and a user predefined constant is unnecessary for the convergence of the MPPT method, thus simplifying the design of the PV system. A tuning method of initial step sizes is also presented, which is derived from the approximate linear relationship between the open-circuit voltage and MPP voltage. Compared with the conventional INC method, the proposed method can achieve faster dynamic response and better steady state performance simultaneously under the conditions of extreme irradiance changes. A Matlab/Simulink model and a 5 kW PV system prototype controlled by a digital signal controller (TMS320F28035) were established. Simulations and experimental results further validate the effectiveness of the proposed method. Energies 2016, 9, 288 2 of 17 losses, because the open-circuit voltage and the short-circuit current are measured by shutting down or short-circuiting PV arrays periodically. Furthermore, the operating point of FOV [4] and FSC [5] is not the real MPP, technically.
Introduction
With the increasing problem of environmental pollution and approaching depletion of conventional fossil-fuel energy sources, solar energy, as a clean, environmentally-friendly and abundant energy source is attracting more attention. An effective way of using solar energy is photovoltaic (PV) generation; however, the output characteristics of PV arrays vary with the environment (cell temperature and irradiation). The maximum power point (MPP) tracking (MPPT) techniques are thus employed to harvest the maximum power from PV arrays [1, 2] . In recent years, many MPPT strategies have been proposed with differences in complexity, cost, convergence speed, and overall output efficiency [3] .
Fractional open-circuit voltage (FOV) [4] and fractional short-circuit current (FSC) [5] methods take advantage of the approximate linear relationship between operating voltage or current at the MPP and open-circuit voltage or short-circuit current of PV arrays; therefore, they are simple and effective ways to track the MPP. FOV [4] and FSC [5] have already been used for PV systems of street lighting, as the precise tracking is unnecessary for it. Nevertheless, these methods have larger power
Analysis of the Photovoltaic (PV) System
As shown in Figure 1 , a standalone PV system usually consists of three main blocks: PV array, the MPPT control unit and DC-DC converter. Analysis will be conducted for them in the subsequent sections. 
PV Model
A PV array is a nonlinear device, which is modeled as a current source shunted with a diode. Figure 2 illustrates the equivalent circuit of PV array. The output I-V characteristic is given as: 
where I is the output current of the PV module in A, and V is the output voltage in V. Iph is the light-generated current in A, Is is the diode reverse saturation current in A, q is the electron charge, q = 1.602 × 10 −19 C, k is the Boltzmann's constant, k = 1.381 × 10 −23 J/K, A stands for the ideality factor of P-N junction, 12 A , T is the cell temperature in °C , Rs is the intrinsic series resistance in Ω, Rsh is the shunt resistance in Ω, Isref is the cell reverse saturation current at Tref, Eg is band gap of silicon, Eg = 1.12 eV (at 25 °C ), Iscref is the short circuit current at 25 °C and 1000 W/m 2 , KI is short circuit current temperature coefficient in A/C, and λ is solar irradiation in W/m 2 .
MPPT Control Unit
According to the output differences of the MPPT algorithm, structures of INC MPPT control unit can be divided into two groups. As shown in Figure 3 , the MPPT algorithm generates a reference signal for the outer control loop in structure 1, and the reference signal is either a voltage or a current reference. A comparator is utilized to calculate the error signal of voltage or current, and this error signal is utilized by Proportional Integral (PI) controller to acquire the duty cycle of 
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A PV array is a nonlinear device, which is modeled as a current source shunted with a diode. Figure 2 illustrates the equivalent circuit of PV array.
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Analysis of the Photovoltaic (PV) System
PV Model
MPPT Control Unit
According to the output differences of the MPPT algorithm, structures of INC MPPT control unit can be divided into two groups. As shown in Figure 3 , the MPPT algorithm generates a reference signal for the outer control loop in structure 1, and the reference signal is either a voltage or a current reference. A comparator is utilized to calculate the error signal of voltage or current, and this error signal is utilized by Proportional Integral (PI) controller to acquire the duty cycle of The output I-V characteristic is given as:
"
where I is the output current of the PV module in A, and V is the output voltage in V. I ph is the light-generated current in A, I s is the diode reverse saturation current in A, q is the electron charge, q = 1.602ˆ10´1 9 C, k is the Boltzmann's constant, k = 1.381ˆ10´2 3 J/K, A stands for the ideality factor of P-N junction, 1 ď A ď 2, T is the cell temperature in˝C, R s is the intrinsic series resistance in Ω, R sh is the shunt resistance in Ω, I sref is the cell reverse saturation current at T ref , E g is band gap of silicon, E g = 1.12 eV (at 25˝C), I scref is the short circuit current at 25˝C and 1000 W/m 2 , K I is short circuit current temperature coefficient in A/C, and λ is solar irradiation in W/m 2 .
According to the output differences of the MPPT algorithm, structures of INC MPPT control unit can be divided into two groups. As shown in Figure 3 , the MPPT algorithm generates a reference signal for the outer control loop in structure 1, and the reference signal is either a voltage or a current Energies 2016, 9, 288 4 of 17 reference. A comparator is utilized to calculate the error signal of voltage or current, and this error signal is utilized by Proportional Integral (PI) controller to acquire the duty cycle of power converter. Instead of selecting a PV array voltage or current as the output variable, the duty cycle of the power converter is obtained directly by the MPPT algorithm in structure 2, which results in a simplified structure due to the absence of PI controller. However, the additional PI controller leads to a higher efficiency and a faster dynamic performance in structure 1 [10] . The MPPT algorithm will be discussed in detail in Section 3.
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DC-DC Converter Analysis
Generally, a boost converter is utilized as the power processing unit. As shown in Figure 4 , the boost converter consists of an inductor, a diode and two capacitors, as well as a metallic oxide semiconductor field effect transistor (MOSFET) switch. To design the voltage control loop of the PV system, further studies are needed to analyze how variation in the duty cycle d(t) affects the input voltage VPV. The state-space averaging method [19] is applied next to derive the low-frequency small-signal model and transfer function for the boost converter.
It is assumed that the boost converter operates in continuous current mode, and the natural frequency of the converter is far less than the switching frequency. The input voltage VPV, inductor current iL, and output voltage VO are chosen as state variables, that is, x = [VPV(t), iL(t), VO(t)] T . The input variable is input current iPV, namely u = iPV(t). Taking output voltage VO as the output variable, that is, y = VPV(t). According to KCL (Kirchoff's Current Law) and KVL (Kirchhoff's Voltage Law), the state equation is given as:
where 
Generally, a boost converter is utilized as the power processing unit. As shown in Figure 4 , the boost converter consists of an inductor, a diode and two capacitors, as well as a metallic oxide semiconductor field effect transistor (MOSFET) switch.
where To design the voltage control loop of the PV system, further studies are needed to analyze how variation in the duty cycle d(t) affects the input voltage V PV . The state-space averaging method [19] is applied next to derive the low-frequency small-signal model and transfer function for the boost converter.
It is assumed that the boost converter operates in continuous current mode, and the natural frequency of the converter is far less than the switching frequency. The input voltage V PV , inductor current i L , and output voltage V O are chosen as state variables, that is,
The input variable is input current i PV , namely u = i PV (t). Taking output voltage V O as the output variable, that is, y = V PV (t). According to KCL (Kirchoff's Current Law) and KVL (Kirchhoff's Voltage Law), the state equation is given as:
#ẍ
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where A " dA d`p 1´dqA 1´d " » --
Introducing small perturbation px,û,ŷ,dq around the steady state points, and neglecting the quadratic term, the dynamic equation of boost converter is then described as:
where E " pA d´A1´d qx " » --
From the Laplace Transform, the state equation becomes:
The transfer function of control to PV voltage can be represented as:
MPPT Algorithm

Variable Step Size Method
For fixed step size INC method, a larger step size contributes to a faster response, while more power losses are caused in steady state, thus resulting in a comparatively low efficiency. This situation is the opposite for small step size. Hence, contradiction occurs between the tracking speed and steady state performance. Such a design dilemma can be settled with a variable step size algorithm. The fixed step size is replaced by a function that depends on the derivative of power to voltage (dP/dV), and the algorithm is given by:
where V ref is the reference voltage, k and k´1 are the present and previous time interval, N is the scaling factor. Variable step size methods can also be realized through the slope of P-D curve [20] , and the update rule of the MPPT algorithm is presented as:
where D(k) is the duty cycle of power converter at time interval k. To guarantee the convergence of the MPPT algorithm, the scaling factor must obey the following inequality [13] :
where ∆D max is the upper limiter of step size. If Equation (10) is satisfied, the system will be working in variable step size mode; otherwise, the system will be operating with a fixed step size of ∆D max .
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However, the scaling factor N and the upper limiter of step size ∆D max cannot be altered once it is tuned at design time. The selection of N and ∆D max determines which region the working point of the system is located in. An optimal speed factor N failed to satisfy the need of maximum power tracking under the condition of intense irradiation change.
As shown in Figure 5 , curve P 1 and P 2 are the output power of a PV array under different irradiation levels. The scaling factor N 1 and upper limiter step size ∆D max1 are chosen by reference to P 1 ; in this case, fast dynamic response and good steady performance are achieved simultaneously. However, when irradiation changes greatly, the same parameters always make the system operate within the variable step size mode for P 2 curve, which increases the start-up time, as well as the response time. If the scaling factor N 2 and upper limiter of step size ∆D max2 are selected according to power curve P 2 , the variable step size area of the system that worked for P 1 curve becomes too small, which incurs severe oscillations at steady state and continuous power loss. All in all, the parameters have a significant effect on the system performance, and a poor choice may lead to inefficiency or failure during start-up or dynamic tracking. It is then impossible to find suitable scaling factor and upper limiter of step size that satisfy the requirements of the MPPT system under enormous irradiance changes. Furthermore, manual tuning of these parameters for different kinds of PV arrays restricts its application.
However, the scaling factor N and the upper limiter of step size ΔDmax cannot be altered once it is tuned at design time. The selection of N and ΔDmax determines which region the working point of the system is located in. An optimal speed factor N failed to satisfy the need of maximum power tracking under the condition of intense irradiation change.
As shown in Figure 5 , curve P1 and P2 are the output power of a PV array under different irradiation levels. The scaling factor N1 and upper limiter step size ΔDmax1 are chosen by reference to P1; in this case, fast dynamic response and good steady performance are achieved simultaneously. However, when irradiation changes greatly, the same parameters always make the system operate within the variable step size mode for P2 curve, which increases the start-up time, as well as the response time. If the scaling factor N2 and upper limiter of step size ΔDmax2 are selected according to power curve P2, the variable step size area of the system that worked for P1 curve becomes too small, which incurs severe oscillations at steady state and continuous power loss. All in all, the parameters have a significant effect on the system performance, and a poor choice may lead to inefficiency or failure during start-up or dynamic tracking. It is then impossible to find suitable scaling factor and upper limiter of step size that satisfy the requirements of the MPPT system under enormous irradiance changes. Furthermore, manual tuning of these parameters for different kinds of PV arrays restricts its application. To improve the problem above, an incremental resistance MPPT method is examined with a modified variable step size [14] , and a threshold function is introduced to switch the step size modes of the MPPT algorithm:
The threshold function F has two extreme points at the two sides of MPP. The system works in the variable step size mode, with a proportionality factor of 2 / / 1 /  dP dI dP dI to adjust the step size when the operating point is located between the two extreme points. Otherwise, it operates in the fixed step size mode. This method automatically adjusts the area of variable step size mode and the step size to track the MPP as irradiation changes. The dynamic speed and steady-state performance are improved as well. However, the value of the threshold function is very large, and, more than once, derivatives are needed to calculate the extreme points as well as the proportionality factor, which generates pretty heavy computational loads. Furthermore, the expression of the proportionality factor is very complex and strong non-linearity exists. MPPT algorithms based on the current-mode feedback control are less stable than the voltage-mode feedback control, especially when irradiation drops sharply [21] . To improve the problem above, an incremental resistance MPPT method is examined with a modified variable step size [14] , and a threshold function is introduced to switch the step size modes of the MPPT algorithm:
F " Pˆ|dP{dI| .
The threshold function F has two extreme points at the two sides of MPP. The system works in the variable step size mode, with a proportionality factor of |dP{dI| { b 1`|dP{dI| 2 to adjust the step size when the operating point is located between the two extreme points. Otherwise, it operates in the fixed step size mode. This method automatically adjusts the area of variable step size mode and the step size to track the MPP as irradiation changes. The dynamic speed and steady-state performance are improved as well. However, the value of the threshold function is very large, and, more than once, derivatives are needed to calculate the extreme points as well as the proportionality factor, which generates pretty heavy computational loads. Furthermore, the expression of the proportionality factor is very complex and strong non-linearity exists. MPPT algorithms based on the current-mode feedback control are less stable than the voltage-mode feedback control, especially when irradiation drops sharply [21] . Two step size adjustment coefficients are introduced to eliminate the differences caused by various irradiation levels [15] . The adjustment coefficients are as follows:
This method judges firstly whether the work point is located on the left side or the right side of the MPP and then selects the corresponding formula to calculate. It is based on dI/dV and V/I, which can reduce the computation burden effectively. However, this scheme does not take into consideration that the initial step size has an effect on the performance of the system.
Lastly, a novel concise adaptive variable step size INC algorithm is proposed for the maximum power harvest under the conditions of enormous irradiance changes.
Proposed Methods
Conventional algorithms of variable step size usually regulate step size through the derivative of power to voltage (dP/dV) of the PV array; however, as shown in Figure 5 , derivative curves differ greatly under different irradiation levels. The derivative of power to voltage of PV array is given as:
Equation (12) indicates that the difference of derivative curves mainly depends on the output current, while output current relies on the irradiation as shown in Equation (3). Hence, a novel adjustment coefficient S(k) is presented to eliminate the difference caused by the output current under various irradiation levels:
where V/I represents instantaneous resistance and dI/dV represents incremental conductance. Figure 6 shows that, as output voltage V increases, V/I increases from zero, while dI/dV is almost zero when the operation voltage is located in the left side of MPP, where the current change is almost zero, and dI/dV decreases along with V increases. Therefore, (V/I)ˆ(dI/dV) decreases negatively, and its practical value is´1 at the MPP (curves shown in Figure 6 is normalized value), which can be also validated as follows:
V Iˆd
As shown in Figure 7 , S 1 and S 2 are the adjustment coefficient curves corresponding to P 1 and P 2 , respectively. Value of the adjustment coefficient S(k) decreases with the operating point getting close to the MPP, and it becomes zero when the system arrives at the MPP. Change trends and value ranges of S(k) are roughly the same under different irradiation levels. Furthermore, compared with the dP/dV, the adjustment coefficient S(k) varies more smoothly since its value is relatively smaller. Therefore, the adjustment coefficient S(k) is better suited for regulating the step size to track the MPP. It should be noted that the adjustment coefficient S(k) rises rapidly on the right hand side of the MPP, which may incur instability of MPPT algorithm. Hence, S(k) must meet the following inequality on the right hand side of the MPP: S(k) ≤ 1. Figure 7 shows the normalized S(k) without regulation, and the practical curves of S(k) with constraint are illustrated in Figure 8 . Value of the adjustment coefficient S(k) stays at 1 when the operating point is far away from the MPP, and decreases with the operating point getting close to the MPP. It should be noted that the adjustment coefficient S(k) rises rapidly on the right hand side of the MPP, which may incur instability of MPPT algorithm. Hence, S(k) must meet the following inequality on the right hand side of the MPP: S(k) ≤ 1. Figure 7 shows the normalized S(k) without regulation, and the practical curves of S(k) with constraint are illustrated in Figure 8 . Value of the adjustment coefficient S(k) stays at 1 when the operating point is far away from the MPP, and decreases with the operating point getting close to the MPP. It should be noted that the adjustment coefficient S(k) rises rapidly on the right hand side of the MPP, which may incur instability of MPPT algorithm. Hence, S(k) must meet the following inequality on the right hand side of the MPP: S(k) ď 1. Figure 7 shows the normalized S(k) without regulation, and the practical curves of S(k) with constraint are illustrated in Figure 8 . Value of the adjustment coefficient S(k) stays at 1 when the operating point is far away from the MPP, and decreases with the operating point getting close to the MPP. It should be noted that the adjustment coefficient S(k) rises rapidly on the right hand side of the MPP, which may incur instability of MPPT algorithm. Hence, S(k) must meet the following inequality on the right hand side of the MPP: S(k) ≤ 1. Figure 7 shows the normalized S(k) without regulation, and the practical curves of S(k) with constraint are illustrated in Figure 8 . Value of the adjustment coefficient S(k) stays at 1 when the operating point is far away from the MPP, and decreases with the operating point getting close to the MPP. The update rule of the improved variable step size INC algorithm is thus obtained as:
where V ref (k) is the reference voltage at time k, V ref (k´1) is the reference voltage at time k´1, and ∆V ref (k) stands for the initial perturbation step size. The flowchart of the proposed method is shown in Figure 9 , the fundamental INC strategy is used to judge whether the operating point is located on the right or left hand side of the MPP. When the system operates on the right hand side of the MPP and S(k) ě 1, the proposed method is forced to operate in fixed step mode with step size ∆V ref . Otherwise, it operates in variable step size mode with step size S(k)ˆ∆V ref . The proposed method provides a simple and effective way to harvest the maximum power.
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The update rule of the improved variable step size INC algorithm is thus obtained as:
where Vref(k) is the reference voltage at time k, Vref(k − 1) is the reference voltage at time k − 1, and ΔVref(k) stands for the initial perturbation step size. The flowchart of the proposed method is shown in Figure 9 , the fundamental INC strategy is used to judge whether the operating point is located on the right or left hand side of the MPP. When the system operates on the right hand side of the MPP and S(k) ≥ 1, the proposed method is forced to operate in fixed step mode with step size ΔVref. Otherwise, it operates in variable step size mode with step size S(k) × ΔVref. The proposed method provides a simple and effective way to harvest the maximum power. Study of P-V curves suggests that PV characteristics display a significant difference near the MPP. The output power curve varies smoothly on the left hand side of the MPP, while it ascends sharply on the right hand side. This feature can be applied for MPPT to further improve the dynamic response and steady output. The initial perturbation step size ΔVref(k) is represented as:
where ΔVref1 and ΔVref2 are initially selected as the upper limit for the variable step size mode, ΔVref1 operates on the left hand side of the MPP, and ΔVref2 operates on the right hand side. The relationship between ΔVref1 and ΔVref2 can be expressed as:
where VMPP and VOC are the PV array voltages corresponding to MPP and open circuit, respectively. Study of P-V curves suggests that PV characteristics display a significant difference near the MPP. The output power curve varies smoothly on the left hand side of the MPP, while it ascends sharply on the right hand side. This feature can be applied for MPPT to further improve the dynamic response and steady output. The initial perturbation step size ∆V ref (k) is represented as:
where ∆V ref1 and ∆V ref2 are initially selected as the upper limit for the variable step size mode, ∆V ref1 operates on the left hand side of the MPP, and ∆V ref2 operates on the right hand side. The relationship between ∆V ref1 and ∆V ref2 can be expressed as:
where V MPP and V OC are the PV array voltages corresponding to MPP and open circuit, respectively. According to the FOV [4] method, the relationship between V MPP and V OC of a PV array is close to linear under various atmospheric conditions:
where µ is a proportionality constant, and its value lies between 0.71 and 0.78 [21] . Thus,
In this paper, µ is set as 0.75, therefore ∆V ref1 = 3ˆ∆V ref2 .
Realization of the Proposed Algorithm
The voltage control loop is implemented through a PI controller, and the transfer function of the PI controller is obtained as:
The PI controller gains are designed with the small signal model transfer function G vd (s); thus, the open loop transfer function is expressed as:
Parameters of PV array and boost converter are shown in Table 1 . Substituting relevant variables into Equations (19) and (20) , the bode plot of G o (s) with compensator and without compensator is obtained, as shown in Figure 10 . From the plots, it is observed that phase margin, cutoff frequency and magnitude margin without compensator is´179˝, 3.5 krad/s, and´45.4 dB, respectively. Phase margin is required to be greater than 30˝, magnitude margin should be more than 6 dB. Therefore, parameters of PI controller are derived as K p = 0.107, K i = 346.5. Phase margin, cutoff frequency and magnitude margin with compensator is 119˝, 1.71 krad/s, and infinity, respectively. Obviously, a close loop system has good stability due to the PI compensator. Figure 11 
Simulation Analysis
As illustrated in Figure 4 , a simulation model of PV system is developed in Matlab/Simulink to verify the effectiveness of the proposed algorithm. To compare the performance of the MPPT methods, a series of simulations are conducted under the same step-change of irradiation conditions, from 300 to 1000 W/m 2 at 1.0 s and back to 300 W/m 2 at 2.0 s. Simulation waveforms of PV output power and duty cycle of MPPT are presented in Figure 12 . Figure 12a ,b are traditional INC methods with fixed step size, and Figure 12c is a typical representative variable step size INC method [13] , which is easy to implement with good tracking speed and stability performance, relatively. Figure 12d ,e are proposed methods with different initial step sizes. Table 2 provides comparison details of different MPPT methods. Figure 12a ,b show the INC method with fixed step size of 1 and 4.8 V, respectively. It is observed that the tracking time with fixed step size of 4.8 V is 0.13 and 0.16 s, which is shortened by 0.52 and 0.54 s than the fixed step size of 1 V. However, the average output power of PV array is decreased from 175.5 to 172.6 W at 1000 W/m 2 . It indicates that larger step size significantly improves the response time, but more power loss is incurred due to the steady state oscillation of the converter duty cycle. 
As illustrated in Figure 4 , a simulation model of PV system is developed in Matlab/Simulink to verify the effectiveness of the proposed algorithm. To compare the performance of the MPPT methods, a series of simulations are conducted under the same step-change of irradiation conditions, from 300 to 1000 W/m 2 at 1.0 s and back to 300 W/m 2 at 2.0 s. Simulation waveforms of PV output power and duty cycle of MPPT are presented in Figure 12 . Figure 12a ,b are traditional INC methods with fixed step size, and Figure 12c is a typical representative variable step size INC method [13] , which is easy to implement with good tracking speed and stability performance, relatively. Figure 12d ,e are proposed methods with different initial step sizes. Table 2 provides comparison details of different MPPT methods. Results of variable step size INC are illustrated in Figure 12c . As the scaling factor N is set as 1 and the upper limit of step size ΔVrefmax is set as 4.8 V in [13] and experiments show that the parameters can ensure the system to maintain a good performance when irradiance change is not so large, this paper chooses N = 1 and ΔVrefmax = 4.8 in Figure 12c for reference. Compared with the fixed step size INC method, the variable step size method partly solves the contradiction between the response speed and steady state performance. The duty cycle oscillation is very small around the steady state; therefore, the average output power of PV array is 175.4 W at 1000 W/m 2 , and the tracking time of 300 to 1000 W/m 2 is 0.22 s. However, the start-up time and tracking time of irradiation drop is a little long about 0.55 and 0.51 s, respectively. Figure 12a ,b show the INC method with fixed step size of 1 and 4.8 V, respectively. It is observed that the tracking time with fixed step size of 4.8 V is 0.13 and 0.16 s, which is shortened by 0.52 and 0.54 s than the fixed step size of 1 V. However, the average output power of PV array is decreased from 175.5 to 172.6 W at 1000 W/m 2 . It indicates that larger step size significantly improves the response time, but more power loss is incurred due to the steady state oscillation of the converter duty cycle.
Results of variable step size INC are illustrated in Figure 12c . As the scaling factor N is set as 1 and the upper limit of step size ∆V refmax is set as 4.8 V in [13] and experiments show that the parameters can ensure the system to maintain a good performance when irradiance change is not so large, this paper chooses N = 1 and ∆V refmax = 4.8 in Figure 12c for reference. Compared with the fixed step size INC method, the variable step size method partly solves the contradiction between the response speed and steady state performance. The duty cycle oscillation is very small around the steady state; therefore, the average output power of PV array is 175.4 W at 1000 W/m 2 , and the tracking time of 300 to 1000 W/m 2 is 0.22 s. However, the start-up time and tracking time of irradiation drop is a little long about 0.55 and 0.51 s, respectively.
For the proposed variable step size method, both the fixed step size ∆V ref1 and ∆V ref2 are set as 4.8 V, and the corresponding results are shown in Figure 12d . Figure 12e illustrates the proposed MPPT method with different fixed step sizes (∆V ref1 = 4.8 V, ∆V ref2 = 1.6 V), which also satisfies Equation (20) . Compared with the traditional variable step size INC method, start-up time of the proposed method with equal step size is reduced from 0.55 to 0.39 s, and the tracking time under irradiation change condition is also shortened by 0.06 s and 0.31 s. It also can be seen that the proposed algorithm with different initial step sizes in Figure 12e has a better dynamic performance than that of the proposed algorithm with the same initial step size in Figure 12d , while the steady-state oscillations almost have no difference. These results suggest that the proposed method can achieve fast dynamic response and stable output power simultaneously even under the enormous irradiation change conditions.
Experiment Results
To verify the effectiveness of the proposed algorithm, an experimental prototype is established as shown in Figure 13 . A programmable DC power supply (Solar Array Simulator Chroma 6200H) (Chroma, Shenzhen, China) is used to simulate the output characteristics of PV arrays and a 5 kW boost converter is implemented as the power interface between the PV array and the load. At present, 5 kW is widely used in the actual photovoltaic system, and using 5 kW PV system to verify the proposed algorithm has very good practical significance. The MPPT algorithm is realized in CCS (Code Composer Studio) IDE (integrated development environment) (TEXAS INSTRUMENTS, Shenzhen, China), is then downloaded onto a digital signal controller TMS320F28035 (TEXAS INSTRUMENTS, Shenzhen, China). Parameters of the PV array and boost converter are illustrated in Table 1 .
Three INC MPPT algorithms are tested in the same experimental conditions to analyze the performance of the proposed method:
1.
Traditional variable step size INC: N = 1, ∆V refmax = 4.8 V.
2.
Proposed method with equal initial step sizes: ∆V ref1 = ∆V ref2 = 4.8 V.
3.
Propose method with initial step sizes that satisfy Equation (20): ∆V ref1 = 4.8 V, ∆V ref2 = 1.6 V.
Energies 2016, 9, 288 13 of 17 Figure 12d . Figure 12e illustrates the proposed MPPT method with different fixed step sizes (ΔVref1 = 4.8 V, ΔVref2 = 1.6 V), which also satisfies Equation (20) . Compared with the traditional variable step size INC method, start-up time of the proposed method with equal step size is reduced from 0.55 to 0.39 s, and the tracking time under irradiation change condition is also shortened by 0.06 s and 0.31 s. It also can be seen that the proposed algorithm with different initial step sizes in Figure 12e has a better dynamic performance than that of the proposed algorithm with the same initial step size in Figure 12d , while the steady-state oscillations almost have no difference. These results suggest that the proposed method can achieve fast dynamic response and stable output power simultaneously even under the enormous irradiation change conditions.
Experiment Results
Three INC MPPT algorithms are tested in the same experimental conditions to analyze the performance of the proposed method: Figure 14b that the start-up time of the proposed method with equal initial step sizes is 0.46 s faster than the traditional variable step size INC with only 2.38 s. Furthermore, compared with the traditional variable step size INC, the oscillations at steady state are reduced for the proposed method. Waveforms of the proposed method with different initial step sizes are almost the same as Figure 14b . The results suggest that the proposed MPPT method keeps a larger step size than traditional variable step size INC in the start-up process, thus improving the start-up performance of MPPT method. In addition, steady state oscillations are reduced because the adjustment coefficient S(k) adopted by proposed method varies more smoothly.
Energies 2016, 9, 288 14 of 17 array simulator. Based on the principle of convenient observation for tracking time and tracking precision, the resolution of voltage, current and power is selected, respectively, as Figures 14-16 . Figure 14a shows the start-up waveforms of variable step size INC, and it takes 2.84 s to reach the MPP. It can be seen from Figure 14b that the start-up time of the proposed method with equal initial step sizes is 0.46 s faster than the traditional variable step size INC with only 2.38 s. Furthermore, compared with the traditional variable step size INC, the oscillations at steady state are reduced for the proposed method. Waveforms of the proposed method with different initial step sizes are almost the same as Figure14b. The results suggest that the proposed MPPT method keeps a larger step size than traditional variable step size INC in the start-up process, thus improving the start-up performance of MPPT method. In addition, steady state oscillations are reduced because the adjustment coefficient S(k) adopted by proposed method varies more smoothly. Dynamic tracking experiments are also conducted to compare the tracking performance of MPPT methods. The rise-up situation can be simulated by increasing the output power of the solar array simulator, and the output waveforms of PV array are presented in Figure 15 . Figure 15a shows the results of the traditional variable step size INC, and it takes 3.92 s to reach the MPP. As can be seen from Figure 15b ,c, tracking time of the proposed method with equal initial step sizes and different initial step sizes is 0.79 and 0.7 s, respectively. It is obvious that the proposed method obtains a faster response than the traditional variable step size INC method when irradiation rises suddenly. Dynamic tracking experiments are also conducted to compare the tracking performance of MPPT methods. The rise-up situation can be simulated by increasing the output power of the solar array simulator, and the output waveforms of PV array are presented in Figure 15 . Figure 15a shows the results of the traditional variable step size INC, and it takes 3.92 s to reach the MPP. As can be seen from Figure 15b ,c, tracking time of the proposed method with equal initial step sizes and different initial step sizes is 0.79 and 0.7 s, respectively. It is obvious that the proposed method obtains a faster response than the traditional variable step size INC method when irradiation rises suddenly.
Energies 2016, 9, 288 14 of 17 array simulator. Based on the principle of convenient observation for tracking time and tracking precision, the resolution of voltage, current and power is selected, respectively, as Figures 14-16 . Figure 14a shows the start-up waveforms of variable step size INC, and it takes 2.84 s to reach the MPP. It can be seen from Figure 14b that the start-up time of the proposed method with equal initial step sizes is 0.46 s faster than the traditional variable step size INC with only 2.38 s. Furthermore, compared with the traditional variable step size INC, the oscillations at steady state are reduced for the proposed method. Waveforms of the proposed method with different initial step sizes are almost the same as Figure14b. The results suggest that the proposed MPPT method keeps a larger step size than traditional variable step size INC in the start-up process, thus improving the start-up performance of MPPT method. In addition, steady state oscillations are reduced because the adjustment coefficient S(k) adopted by proposed method varies more smoothly. Dynamic tracking experiments are also conducted to compare the tracking performance of MPPT methods. The rise-up situation can be simulated by increasing the output power of the solar array simulator, and the output waveforms of PV array are presented in Figure 15 . Figure 15a shows the results of the traditional variable step size INC, and it takes 3.92 s to reach the MPP. As can be seen from Figure 15b ,c, tracking time of the proposed method with equal initial step sizes and different initial step sizes is 0.79 and 0.7 s, respectively. It is obvious that the proposed method obtains a faster response than the traditional variable step size INC method when irradiation rises suddenly. In the same way, the decreasing situation can be simulated by decreasing the output power of the solar array simulator. Traditional variable step size tracks the MPP within 1.0 s in Figure 16a . Figure 16b shows the results of the proposed MPPT method with equal initial step sizes, and the tracking time is 0.3 s faster than the traditional variable step size INC. Meanwhile, it takes 0.394 s for the proposed MPPT method with different initial step sizes to reach the MPP in Figure 16c , thus further improving the tracking speed. These experimental results provide substantial evidence for the theoretical assumption that the proposed MPPT method performs a faster dynamic response than traditional variable step size INC methods under the sudden changes of irradiation conditions, as well as a better steady state In the same way, the decreasing situation can be simulated by decreasing the output power of the solar array simulator. Traditional variable step size tracks the MPP within 1.0 s in Figure 16a . Figure 16b shows the results of the proposed MPPT method with equal initial step sizes, and the tracking time is 0.3 s faster than the traditional variable step size INC. Meanwhile, it takes 0.394 s for the proposed MPPT method with different initial step sizes to reach the MPP in Figure 16c , thus further improving the tracking speed. In the same way, the decreasing situation can be simulated by decreasing the output power of the solar array simulator. Traditional variable step size tracks the MPP within 1.0 s in Figure 16a . Figure 16b shows the results of the proposed MPPT method with equal initial step sizes, and the tracking time is 0.3 s faster than the traditional variable step size INC. Meanwhile, it takes 0.394 s for the proposed MPPT method with different initial step sizes to reach the MPP in Figure 16c , thus further improving the tracking speed. These experimental results provide substantial evidence for the theoretical assumption that the proposed MPPT method performs a faster dynamic response than traditional variable step size INC methods under the sudden changes of irradiation conditions, as well as a better steady state These experimental results provide substantial evidence for the theoretical assumption that the proposed MPPT method performs a faster dynamic response than traditional variable step size INC methods under the sudden changes of irradiation conditions, as well as a better steady state performance. In addition, as affected by the control period, the sampling precision, and the disturbance step, it is a normal phenomenon that oscillation exists in the voltage and current waveforms of experimental results.
Conclusions
In this paper, a novel INC MPPT algorithm is proposed with adaptive variable step size. The step size can be automatically regulated to track MPP using an adjustment coefficient of step size. The fast response and better steady state performance both are achieved simultaneously even under the condition of enormous irradiance changes. Initial step sizes are well tuned based on the FOV method to further improve the MPPT performance, and this initial step size strategy is also available for other MPPT algorithms. Compared with other INC MPPT methods, the proposed method provides an effective way for maximum power harvest with simple implementation. The results of simulations and experiments further validate the effectiveness and feasibility of the proposed algorithm.
